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MEASUREMENTS OF THE DRAG AND PRESSURE DISTRIBUTION
ON A BODY OF REVOLUTION THROUGHOUT TRANSITION
FROM SUBSONIC TO SUPERSONIC SPEEDS

By Jim Rogers Thompson
SUMMARY

As part of the general investlgation by the National Advisory
Committee for Aeronautics of.the aerodynamic characteristics of promising
airplane configurations and their component parts at transonic and
supersonic speeds, the drag and pressure distribution on a body of
revolution of fineness ratio 12 have been measured by the free-fall
method. Results are presented for Mach mmbers from 0.75 to 1.27 and
are the first complete messurements obtained at large scele under
actual flight condltions of the pressure distrlbution on a body of
revolution gt zero angle of attack throughout the tramsition from sub-
critical to moderate supersonic speeds.

Anglysis of the results obtained has provided knowledge of the
mechanism of the abrupt drag rise which occurs near the speed of sound,
and has demonstrated that the theoretical method of NACA TN 1768 satis-
factorily predicts the shape of f the measured pr pressure distributions at
low supersonic gpeeds. Limited information on the sgkin-friction drag
of the body is also presented,

INTRODUCTION

As part of the general investigation by the NACA of the aerodynsmic
characteristics of promising airplane configurations and their component
parts at transonic and supersonic speeds, the drag and pressure distri-
butions on a body of revolution of fineness ratio 12 have been measured
by the free-fall method. The object of this measurement was twofold:

To provide understanding of the character of the flow in order to
facllitate the development of means for minimizing the abrupt drag rise
near the speed of sound; and to provide experimental confirmation of the
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method presented in reference 1 for computing the pressure distribution
at supersonic speeds on a sglender, arbitrary body of revolution.

The shape of the body tested was designed in 1944k at the inception
of the free-fall test program in an attempt to provide a basic body
shape which had the highest possible critical speed. It was felt that
a high critical speed would be one of the salient features of a body
having desirable transonlc and supersonic drag characteristics. The
basic body shape has its meximum diameter located at the body midpoint
and, in comparison with a parabole, is more blunt at the nose and less
blunt at the tall. The rear part of the baslc body shape is cusped;
however, as used in the free-fall tests, a boom supporting the stabi-
lizing tall surfaces is faired into the rear of the body covering part
of the cusp.

Bodies of thils basic shape having a fineness ratio of 12-have been
used a8 a standard body in the free-fall tests of wing-body combinations
presented in reference 2 and in other papers. The transonic and super-
sonic drag characteristics of the body-tail combination without wings
were. presented in reference 3.

The results presented herein are the first complete measurements
obtained at large scale under actual flight conditions of the pressure
distribution on a body of revolution at zero angle of sttack throughout
the transition from subcritical to moderate supersonic speeds.

Curves showing the variations with Mach number of significant
drag and pressure parameters measured between M = 0.75 and 1.27 are
presented and discussed.

METHOD

The test was performed by utilizing the free-fell method (described
in references 2 and 3) in which the flight path of the freely falling
test body is obtained by rader and photothéodolite equipment end other
required quantities are measured at the body by meens of the NACA radio-
telemeter system.

Model.- A drawing showing detalls and dimenslons of the test model
is presented as figure 1, and photographs showing the complete model and
details of the nose and the body-tail boom junction are presented as
figure 2. The coordinates of the body surface are given in table I.

The external shape of the model was the same as that of the body-tail
combinetions of the wing-body comhinations treated in reference 2 and
differed from that of reference 3 only by the addition of the alrspeed
boom. The model was constructed entirely of metal and welghed

586.5 pounds.

-
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Measurements.- In addition to the usual measurements of velocity,
flight path, over-all drag (retardation), tail drag, and total and
static pressures at the alrspeed head (see reference 2), the pressures
at 19 flush orifices on the body surface were measured by differential-
pressure cells. The location of the orifices (expressed as a fraction
of the body length, x/Z) and the numbers by which they are identified
hereinafter are shown in figure 1 and are tebulated in table II. The
pressure at orifice 19 (near the front of the tail boom) was measured
with respect to the static pressure gt the airspeed head, and the
pressures at the remaining orifices were messured with respect to the
pressure at orifice 19. This arrangement was chosen to retain the
advantages of the small-range differential-pressure cells without
Incurring excessive lag due to the necessarily small size of the static
holes in the airspeed head. Orifice 19 (see fig. 2(c)) was made large
enough so that the computed lag was less than 0.0l second. The indica-
tion from éach pressure cell was sampled at least three times per
second (corresponding to a minimm of 2 points per 0.0l change in Mach
pumber) by means of electrical switching equipment.

Precision of measurements.- Previous experience has shown that the
possible inaccuracy of & telemetered measurement 1s of the order of
1) percent of the full range of the instrument and that the maximum
possible error in the Mach number determined from the flight-path
measurements {combined with wind and temperature deta) is less than +0.0l.
Based on these values, the maximum inaccuracies of the drag parsmeters
determined from acceleration and force measurements (drag coeffi-
cients Cpp are based on body frontal area and drag per unit of body

frontal area expressed as a fraction of static pressure D/Fp) are as
follows:

Mach npumber
Drag paremeter 0.75 0.95 1.05 1.25
(" Total | #0.00% | #0.003 | £0.002 0.002
D/Fp < Tail +.003 +.002 +.002 +.001
_ Body +.007 +.005 +.004 +.003
(" Total £.012 +.008 +.007 £.006
CDF JTail +.009 1,005 +.00k +.002
| Body £.020 +.010 £.008 +.006

SO
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The inaccuracy in the indication of a single-range instrument .
decreases apprecilably with increase in Mach number, as both the speed
and static pressure (and therefore the ratio of the measured value to
the full-scale velue) increase rapidly during the free fall of the
model. A multiple accelerometer having three ranges was Iincorporated
in the subject model. This accelerometer enabled more accurate
measurements of the low values of accelerstion which occurred during
the early part of the drop to be mede so that the possible inaccuracy
in total drag at low Mach numbers was conslderably less than that
obtained in reference 3. The inaccuracy presented for the body-drag
parameters were based on the sum of the possible drag inaccuracies of
the total- and tail-drag measurements as the body drag was computed by
subtracting the measured tail dresg from the measured total drag. The
most probeble value of the inaccuracy in the body-drag parameters is
of course smaller than the value presented. The values in the table
for the maximum inaccuracy in the body-drag coefficient Cpp are

slightly less than the sum of the total and tall inaccuracies because
the meximum error in the Mach mumber (0.01) enters only once in each
computation,

The estimated maximum inaccuracy in the pressure coefficient P
as obtalned from the differential cells decreases fram about 0.0k
at M=0.75 to+0.02 at M = 0.95 and to £0.004 at a Mach number
of 1.27.

RESULTS

The accuracy of the total drag obtained from the retardation’
measurements 1s confirmed by the excellent agreement of the variations
with time of the velocity and altitude obtalned by integration of the
vector sums of bthe measured and gravitational accelerations with the
corresponding variations obtained from the radar and phototheodolite
equipment. The variation of Mach number with time used herein was
computed from the wvelocity data Jjust described by use of atmospheric
wind and temperature data. The accuracy of this Mach number near sonlc
speeds is confirmed by the results of an investigation of-nose-mounted
airspeed installations presented in reference 4. The results of refer-
ence 4 predict thet passage of the body bow wave over the static
oriflces of the airspeed head should have occurred between Mach num-
bers 1.000 and 1.003 during the present test, provided that the body
nose was parabolic. Although the nose of the test body is not parabolic,
the differences are smaell and would not slgnificantly change the Mach -
number for bow-wave passage. Good agreement was obtained between these
predicted results and the test results as the static pressure at the
alirgpeed head showed an abrupt drop of the correct order of magnitude
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beginning at a Mach number of 1.005. The Mach number determined by the
other methods 1s within the estimated possible inaccuracy of the
absolute-pressure meagurements. The static-pressure error of the air-
speed head was obtained by correlation of the telemetered pressure with
atmospheric pressure at the same radar sltitude, and the meximum errors
in stetic-pressure coefficient were about 0.02 near M = 1.00 end -0.01
above M = 1.20. These errors are within the estimated possible
inaccuracy of the telemetered pressures (due to the necessarily large
range of the instruments) and are therefore not significant.

The basic measurements made during the free fall of the model are
presented in figures 3 and 4 and have been reduced to coefficient form
through use of the variation of atmospheric pressure and temperature
with altitude. These measurements were made immedlately following the
test. ' C '

Drag measurements.- Figure 3 presents the varistion with Mach
number of the dreg per unit of body frontal area as a fraction of
atmospheric pressure (D/Fp) and of the drag coefficient based on body
frontel area Cpp as obtained from the total-drag (retardetion) and

tail-drag measurements. The division of the totel drag between the
body and the stabilizing tail surfaces is also shown. The abrupt drag
rise of the tail surfaces began st a Mach number of 0.90 and continued
until & Mach number of 0.97 was reached. From M = 0.97 to the highest
Mach number reached by the model (M = 1.27), the increment of drag
coefficlent chargeable to the tell decreased slightly. The drag
coefficient of the body had no significant variations up to & Mach
number of about 0.995 where it increased abruptly until a Mach number
of 1.01 was reached, The drag coefficient of the body increased
slightly as the Mach number increased beyond 1.0l.

Pressure measurements.- The variation with Mech number of the
pressure coefficient P at each orifice is presented in figure k.
The discrepancies between the theoretical curves (also included in
fig. 4) and the experimental data are discussed subsequently.

Because of the extremely small magnitude of the pressure differences
occurring at low Mach numbers and high sltitude, the possible inaccu-
racies in P are large (see "Precision of measurements") and therefore
data are not presented for Mach numbers lower than 0.75. Immediately
after release, oscillations, which were usually within the estimated
error, were evident in the pressure records. For most of the orifices,
these oscillations damped rapldly and disappeared within a few seconds
after the release of the model. In two cases (orifices 17 and 18),
however, the osclllations were large and, although they decreesed in
amplitude with time, they did not disappear until Mach numbers of
about 1.00 and 0.80 were reached for orifices 17 and 18, respectively.
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‘A dashed fairing is presented in figure 4 in the region when this
oscillation occurred. No plausible explanstion of the oscillation has
been advanced, although it should be noted that orifices 17 and 18 are
loceted on the circular-src falring between the body and the tall boom
where theory indicates that & very steep pesk in the pressure distribu-
tion should occur.

As the difference between the true static pressure and the static
pressure measured at the alrspeed head was small and less than the
inaccuracy of the measurement (discussed previously), no correction for
the static-pressure error of the airspeed head has been gpplled to the
pressure-coefficient data presented herein. Reference 4 indicates that
the static error should be negligible for the subject body-alrspeed
boom configuration.

The Indlcated pressure for orifice 3 became increasingly negative
during the drop, espproximately following the inverse of the statilc-
pressure variation. As this 1s the type of variation which would occur
if the tube were pinched or plugged, it is considered probable that
tube 3 was damaged during the final assembly of the model. For thils
reason, data for orifice 3 are not presented herein,

DISCUSSION

Pressure Data

In order to provide an over-all picture of the flow about the body
throughout the investigsted Mach number range, the basic data of
figure 4 are plotted in figure 5 as the variation of local Mach number
along the body surface for values of free-stream Mach number between 0.84
and 1.26 in increments of 0.02. The most notable feature shown by
figure 5 is the marked similarity of all subsonic distributions and the
corresponding marked similarity of ell the supersonic distributions;
the transition phenomena assoclated with the drag rise appear to occur
almost entirely between Mach numbers of 0.98 and 1.02. It is evident
that there 1s little change 1n the character of the flow at the nose of
the body during the transition through the speed of sound. The major
changes are the gradual steepening of the approximstely linear variation
of local Mech number along the middle part of the body as the critical
Mach number is exceeded and the abrupt increase in the rearward extent
of this approximately linear region which occurs at the speed of sound.

For detailled study of the flow over the body, the basic data of

figure 4 are cross-plotted in figure 6 in the form of pressure coeffi-
cient P against orifice location x/1 for several Mach numbers.



RACA RM ILoJd2T ""!!!iiiiﬂﬁ. T

In each case, the measured distributions are compered with the
theoretical results. The distributions for each speed range sre
discussed separately. o

Subcritical speeds.- In figures 6(a), 6(b), and 6(c), the measured
distributions for M =-0.75, 0.90, and 0.95 are compared with theo-
retical distributions computed for M = 0 by approximate linearized
methods and corrected to the eppropriste Mach number by applicetion
of the Prandtl-Glauert rule for slender bodies of revolution (refer-
ence 5). In general, the agreement is quite satisfactory except at
the extreme rear of the body where the experimental date are subject
to some doubt due to the oscillations discussed in "RESULTS" and where
the approximate theory could hardly be expected to indicate accurately
the large and abrupt variations which occur near the fairing between

the body and the teil boom (% = 0.9 to 0.94). In view of the large

pressure recovery measured on the rear of the body, it is considered
unlikely that any appreciable flow separation occurred. The theo-
retical correction for the effect of Mach number appeers to be In fair
agreement with the measured increase in pressure coefficient with
increase in Mach number. This ggreement is shown more clearly in the
subcritical part of figure U and confirms similar results presented in
figure 6. Of course, the method of reference 5 is strictly applicable
only at the maximum diameter of an elliptical body, but figure 4 shows
that the agreement is about as satisfactory at most points of the
subject body, excluding the extreme nose and tail, as at the maximm
diameter.

With the exception of orifice 7 (% = 0.392), the measured points

are consistent within considerably less than the estimated maximum
uncertainty given in "Precision of measurements.” The pressure at this
orifice was greater than that at either orifice 6 or 8 at both subsonic
and supersonic speeds although such a tendency was not evident in the
theoretical distributions for either speed range. Since the values &t
orifice T fair smoothly with those farther to the rear at Mach numbers
above 0.90, 1t is possible that the falring of the body near and
immediately behind the constrtiction joint in the body between orifices 6
and T differed slightly from that specified. The theoretical calcula- -
tions were based on the specified fairing.’

Supersonic speeds.- The measured pressure distributions at several
supersonic Mach numbers are compared in figures 6(g)} to 6(k) with
results computed by the method of reference 1. Except for the "bump"
at orifice T (mentioned in "Subcritical speeds"™) it is evident that the
shapes of the measured and computed distributions are nearly identical
even in the reglon of abrupt pressure recovery at the tail of the model.,
Examination of the supersonic part of figure L shows that the theory
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also gives the trend of pressure coefficlent with Mach number for each
orifice within reasonsble limits. It is evident from the figures,
however, that the level of the measured distributions is consistently
more positive than that of the theoretical distributions. The level of
the measured distributions results in a drag of the forward part of the
body which 1s larger than the drag of the rear part of the body at low
supersonic speeds. This division of drag is opposite to results
obteined from wing-flow tests of a parabolic body of fineness ratio 6.
(See reference 7.) In view of this discrepancy, the experimental level
is subJect to question unless confirmed by later measurements.

Several possible causes of the high level have been investigated
and it is considered probable that the effect resulted from incorrect
measurement of the pressure difference between orifice 19 and the static
head. As the pressures at orifices 1 to 18 were measured with respect
to the pressure at 19 and referred to static pressure by use of the
indication of cell 19 (see "Measurements"), an error of a particular
type would have had to be present to give the observed result. It was
found that an error of about the correct order of magnitude and varia-
tion would result if a restriction were present in the tube between
the static head and cell 19 which almost closed off the tube., The
error resulting from such e restriction would be greater at supersonic
speeds than st subsonic speeds becsuse of the increasing rate of change
of static pressure throughout the drop. Since the exlstence of the
restriction cannot be verified, confirmation of the theoretical level
must awalt further measurements.

The shape of the measured distributions shown in figures 6(g)
to 6(k) 1s more linear than the theoretical distributions near the nose.
In the theoretical computations, the body was assumed to be sharp-
pointed, the rapidly decreasing pressure behind the nose resulting from
the relatively abrupt curvature in this region. The test body, however,
was fitted with an airspeed boom, which, though small, would cause
changes of the type observed by masking the assumed sherp point and
part of the abrupt curvature. The presence of the airspeed boom also
affects the shock-attachment phenomens at the nose of the body. The
angle between the boom and the body at the intersection is about 15°.
If the attachment occurred as on a sharp-pointed cone, the shock would
stand at the intersection for all Mach numbers above about 1.10, and
the flow over the entire forward part of the body would be supersonic.
The experimental data in figure 6, however, show that the local velocity
at orifice 1 (immediately behind the nose) is sppreciably subsonic
at M=1.10 and it is evident that the flow is not exactly conical in
this region.

It is of interest to note that the distribution computed by the

methed of reference 1 for M = 1,05 agrees with the measurements as
satisfactorily as at the higher speeds, even though there is no attached

SRS
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shock and large subsonic regions are present at the nose and tall of
the body.

Trensonic speeds.- Although some doubt exists as to the exact level
of the pressure measurements at supersonic speeds, the dats presented
herein show the mechanism of the changes in flow which occur during the
abrupt drag rise. Figure 5 provides an over-all view of the changes
and figures 4 and 6 provide more detailed information. Measured
pressure distributions at M = 0.99, 1.00, and 1.01 are presented in
figures 6(d) to 6(f). As no directly applicable theory exists, these
date are compared with the theoretical distributions for M = 0.95
and 1.05. Examinetion of figure 6(d) shows that at M = 0.99 the data
agree with the subsonic theory ghbout as satisfactorily as at M = 0.95
except between values of x/1 from 0.6 to 0.7 where the data tend to
follow the supersonic theory. At M = 1.00, the sgreement is similar,
differing only in that the region resembling the supersonic theory
extends from about x/1 of 0.5 to sbout 0.75. At M = 1.0l1, however,
the data for the rear of the body agree almost exactly with the super-
sonic theory. On the nose of the body there 1s very little change in
the distribution between M = 0.99 and 1,01. A tendency toward

steepening the velocity varlation which occurs near orifice 6 (% = 0.3)
as the Mach number epproaches unity might be taken as indicating that a
small shock existed between orifices 6 and 7. If this shock did exist,
.1t must have resulted from a small discontinuity on the body as

examination of the data for orifice 7 in figure 4 shows that no shock
passed over this orifice.

As the Mach number increases from & subsonic value, figure 5 shows
that the pressure reécovery behind the maximum wvelocity on the body

Q% ~ 0.68) gradually becomes more abrupt, and, as indicated by figure L,

a shock wave begins to form between orifices 1l and 12. This shock
wave moves rearward with further increase in Mach number. (See fig. k.)
At M = 0.997 it passes over orifice 12 and, rapidly moving rearward,
passes over orifice 13 at M = 1.00 and orifice 14 at sbout M = 1.005.
After this orifice, however, the shock wave approaches the reglon where
an abrupt compression would dccur naturally because of the curvature of
the body and body-tail boom Jjuncture, and there.is no further evidence
of e shock on the body as the Mach number is further increased.

Apparently, as the local Mach number ahead of the region of "natural"
compression approaches unity (or some critical velue near unity), the
effect of the region of compressilon on the veloclities =zhead of it is
decreased, which causes the locel velocitiles to increase still.further.
This obviously unstable phenomenon rapidly grows into a shock wave which
moves back along the body and increeses in strength until possibly it
is forced away from the body by the naturel compression. It appears

ARk,
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reasonable to assume that the shock exists in space away from the body
as the coalescence of infinitely small compression waves which make up
the naturael compression on the rear of the body at supersonic speeds.
Confirming evidence of such a shock standing awey from the body by as
much as 1 body dlameter has been cbtained from shadowgraph pictures of
the flow about a body-tall boom combination of fineness ratio 6 in

e l2-inch-square wind tunnel st s Mach number of 1.5.

Drag Data

The direct measurements of the total and the tall drag presented .
previously (fig. 3) allow the body drag to be computed, and, as the
body pressure drag mey be obtained by integration of the measured
pressure distributions, the variations with Mach number of the skin-
friction drag may be derived. The drag cheracteristics of each com-
ponent of the subject model throughout the Investigated speed range
end the mechanism of the abrupt rise which occurs in the body drag
near the speed of sound are compared with sppropriate theory and
measurements and are discussed in the following paragraphs.

Drag of the complete model.- The varlation with Mach number of the
drag coefficient for the complete model as obtained from the longitudinal
accelerometer (fig. 3) is reproduced in figure 7 where 1t is compared
with similar data taken from reference 3. As discussed in "Precision
of measurements," the drag measurement for the subject model was
several times more accurate than that of reference 3 at subsonic and
transonic speeds. Thus, the taill drag rise which occurs at M = 0.90
is seen to be completed at M = 0.97 and the body dreg rise does not
begin until a Mach number of about 1.00 is reached. These detail
variatlons were not apparent in the tests of reference 3 because of the
lover sensitivity of the accelerometers then available. Near M = 1.10
where the velue of the drag is appreciable, satisfactory agreement is
obtained. At higher Mech numbers, however, the curves diverge; data
from the subject test continue to increase slightly, while the data from
reference 3 decrease with increase in Mach number. The discrepancy
at M= 1.27 1s greater than the sum of the estimated maximum insccu-
racies of both measurements. It should be noted that the data from
reference 3 are a fairing of results of three bodies, and, although
they showed slight differences in magnitude, all decreased with increase
in Mach number at about the same rate. The models differed only in
that the subject model had an airspeed boom while the models of refer-
ence 3 did not. Further research, particularly on skin-friction
phenomena at transonic speeds, may provide a satisfactory explanaticn
of the discrepancy. '

Drag of the tail.- The variation with Mach number of the tail- drag
coefficient (based on body frontal area) 1s presented in the lewer part

Y
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of figure T where it is compared with a band teken from reference 2
which includes dasta from several identical tails measured on other
free-fell test bodies, It is evident that the tail- drag data for the
subject model agree satisfactorily with the previous measurements.

Drag of the body.- The varistion with Mach number of the body-drag
coefficient computed from the difference between the measured drags of
the complete model and of the tail is presented in figure 8. The
accuracy of the basic measurements is indicated by the absence of any
large fluctuations in the experimentsl body--drag curve between M = 0.9
and M = 1.0. In this region, the drag of the tall increases rapldly.
After the sbrupt drag rise of the tail, but before that of the body,
the drags of the body and tail are of the same order of magnitude,
whereas below M = 0.90 and above M = 1,00 the tall drag was con-
siderably smaller then that of the body. It is evident from figure 8
that the abrupt drag rise of the body starts at M = 0.995 and is
completed by M = 1.015. Above this Mech mumber, the body-drag coeffi-
cient continues to rise at a decreasing rate.

Body pressure drags.- The measured pressure distributions were
integrated to find the body-pressure-drag coefficient based on body
frontal ares CDFP and thHe values obtained are presented in figure 8

for comparison with the body drag previously determined. It is evident
that the shapes of the body-drag esnd body-pressure-drag veriations with
Mach number are nearly identical. As the Integration 1s closed except
for the area of the tail boom, the values of Cppp eare not sensibly

affected by the possible ilnsccuracy in the level of the supersonic
distributions but are determined by the shape of the distributions. - The
area of the tail boom is only 4 percent of the frontal area of the body
and it is estimated that the possible Inaccuracy in Cppp resulting

from the neglect of the pressure-level error times this area is of the
order of 0.002, which is asbout one-half the estimated maximm error due
to the fairing of the distributions between orifices. The values

of CDFP are nearly zero until the abrupt drag rise starts at M = 0.995.

The pressure-drag coefficlent computed for the subject body by the
theoretical method of reference 1 is also presented in figure 8. This
theoretical value, which is iIndependent of Mach number, has a value
of 0.08 and is considered to be in satisfactory egreement with the
experimental data above the Mach number of 1.05.

Although the possible inaccuracy in the level of the supersonic
pressure distribution necessarily precludes reliasble determination of
the actual values of the pressure drag of the front and of the rear of
the body, there are certain features of the measured varlations of these
component drags worth noting. It was found that the drag coefficlent of
the rear part of the body remesined slmost constant up to M = 0.995 and

eRrTTEL
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then increased abruptly between M = 0,995 and 1.01, followed by a
relatively small decrease between M = 1.0l and 1.03. No significant
variations were apparent at higher Mach numbers. The drag coefficient

of the forward part of the body remained almost constant up to M = 1,005
and then increased rspidly between M = 1.005 and 1.025. The rate of
increase gradually became less as the Mach.number further increased and
no significaent varlations in drag coefficient occurred at Mach numbers
grester than 1.05. I

Mechanlsm of the drag rise.- The drag data presented In the
preceding paragraphs, together with the pressure data, provide & com-
plete description of the mechanism of the abrupt rise in the drag of a
body of revolution during its passage through the speed of sound. It
is evident that as the Mach number 1s Increased above the critical
value, the supersonic region grows (the pressure distribution within
the region resembling part of a supersonic distribution) without
noticeable increase in either the pressure drag or the total drag of
the body. As the speed of sound is approached, however, a point is
reached where the supersonic region has grown to the extent that a
shock of finlte strength forms at the rear of the region. The presence
of this shock causes the supersonic region to grow still more and the
shock rapidly becomes stronger and moves downstreem. The sbrupt rise
in the pressure drag and total drag of the rear of the body is directly
assoclated with the rearward movement of the shock. As the speed of
sound 1s exceeded, the drag of the forward part of the body beglns to
rise at a rate considerably slower than the drag rise of the rear part
of the body. The pressures on the nose graduaslly change in a positive
direction without appreciably altering the shape of the distribution,
and the drag appears to approach its supersonic value asymptotically as
the subsonic reglon at the nose becomes negligible., The decrease in
the pressure drag of the rear of the body which follows the abrupt rise
is believed to result from a readjustment of the flow over the resr of
the body due to the incressing amount of supersonic flow over the nose.

The present results confirm the preliminary description of the
mechanism of the drag rise which was first deduced from messurements of
the over-all drasg of bodies having different locations of the maximm
diameter (reference 8). Further confirmation is obtained from the
small-scale pressure-distribution measurements presented in references 6
and 7.

Body skin-friction drag.- The varilation with Mach number of the
skin-friction drag coefficient determined as the differences between
the two experimentsl curves of figure 8 is presented in figure §.
Although the inaccuracy of the values determined in this way is
necessarily large, particularly at the lower Mach numbers, it is
evident that the skin-friction drag coefficient does not vary appreciably
with Mach number. The experimental wvalues of skin-friction drag
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coefficient are compered in figure 9 with theoretical values calculated
by the method of Young, reference 9, for the cases of transition at

the nose and transition et the body midpolnt. The variation of
Reynolds number throughout the free fall of the model on which the
theoretical calculations were based is presented in figure 10. Good
agreement is obtained between the theoretical result for transition at
the nose and the experimental data up to a Mach number slightly
exceeding 1.0. Beyond this value, the experimentslly determined skin
friction is somewhat higher than the theoretical value. Explanation of
the discrepancies evident in these preliminary data must awalt more
complete understanding of skin-friction and transition phenomena at
transonic and supersonic speeds. .

An additional point to be considered in the analysis of the skin
friction on the body is the low temperature of the body surface.
Although the insulated lnstrument compartment is heated, the surface
temperature at release 1s probaebly very close to the free-air
temperature. As the heat capaclity of the cast-iron body is large, the
surface temperature of the body will not Increase appreciably during
the 50 seconds of the free fall. The atmospheric conditions measured
at the release and Ilmpact of the subject model are shown in figure 10,
and if the surface temperature throughout the fall remains at spproxi-
mately the free air temperature at the release altitude, the surface
tempersture at impact would be about 145° F lower then the local
gtmospheric temperature. Heat-flow effects are, of course, nct con-
gidered in reference 9 but other theoretical analyses have indicated
that heat flow to the body should decreasse the frictlon drag.

CONCLUSIONS

The drag and pressure distribution on a body of revolution of
fineness ratio 12 have been measured between Mach mumbers of 0.75
and 1.27 at large scale under actual flight conditions by the free-fall
method. Analysis of the resulte obtained led to the following
conclusions:

1. The mechanism of the abrupt rise in the drag of a body of
revolution as the Mach number is increased through unity is described
in four steps:

(a) As the critical Mach number 1s exceeded, the supersonic
region first grows with no attendant Increase in drag coefficient.
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(b) As the Mach number spproaches unity, a shock is formed
at the rear of the supersonic region. The shock repidly moves
rearward and the supersonic reglon rapidly expends. The abrupt
drag rise on the rear of the body is directly associated with
the rearward motion of the shock,

(c) As the Mach number exceeds unity, the pressures on the
forward part of the body gradually change in a positlve direction
without apprecilably altering the shape of the distribution, the
drag coefficient increasing at a considerably smaller rate than
that of the rear of the body.

(d) As the Mach number further increases, the rate of
increase in drag coefficient of the forward part of the body
gradually becomes less and no significant changes occur above a
Mach number of 1.05. The drag coefficient of the rear part of
the body shows a relgtively small but ebrupt decrease immediately
after its abrupt rise and then has no significant changes with
further increase in Mach number.

2. The theoretical method of NACA TN 1768 satisfactorily predicted
the shape of the measured pressure distributions at low supersonic
speeds even in the region of abrupt pressure recovery on the rear
of the body and at a Mach number of 1,05 where a relatively large sub-
sonic reglon existed at the nose. As a result of a possible Inaccuracy
in the level of the pressure measurements at supersonic speeds, the
level of the distributions predicted by the method of NACA TN 1768 must
awalt further experimental conflrmationm,

3. "Although the values of skin friction obtained are subject to
the uncertainties gttendant to lndirect measurement, it appears that
the' skin-friction drag coefficient on the subject body is nearly
constant throughout the investigated Mach number renge. It 1s con-
sidered that further study of friction drag at transonic speeds would
be desirable.

Langley Aeronauticel Lsboratory
National Advisory Cormittee for Aeronautics
Lengley Air Force Base, Va.
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TABLE T
COORDINATES OF FINENESS-RATIO-12 BODY

E‘Iose radius, 0.060 in]

X Y X Y
(in.) | (in.) (1n.) (1n.)
0 o i8.00 | k.876
. pY: Y 51’ "~ LA R
.60 277 54,00 k.971

90 | .38 || 60.00 | 5.000
1.50 ';isih_ 66.00 'i.§55,

ek §

3.00 | i866 72,00 | k.88
. ELLY - BRI
6.00 1.446 78.00 4,610

SET e

9.00 | 1.936 || 8k.00 h.eﬁi_
12.00 | 2.365 90.00 | '3.754

(Y AR R .
1§.oo 1 3.112 96.00 3.031
L ,,gﬂqo by b
- 2hk.00 3.708 102.00 2,222
. e R
30.00 4,158 108.00 1.350
36.00 | .48 || 11h00 | 526
Letaurg "
Lo,00 k.79 120.00 o]
NACA
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TABLE II
LOCATION OF ORIFICES ON BODY
Location on body
Orifice -
(1) Distance from nose Fraction of body length,
(in.) x/1
1 2.50 0.021
2 6.00 .050
3 12.00 100
4 17.00 k2
5 24,00 .200
6 36.00 .300
T 7,00 .392
8 60-00 -50'0
9 T1.00 991
10 T7{.00 6h2
' 11 82.00 .683
12 88.00 .733
13 91.00 .758
14 96.00 .800
15 100.00 .833
16 102.30 .852
17 108.30 .902
18 112.50 937
19 117.30 97T

lorifice diameter is 3/32 inch, excepting orifice 19 which
consisted of six 3/16-inch holes connected to a common

manifold.,
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Orifice Jacatons (see Table IT,
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Flgure 1.- Details and dimensions of the complete model. The coordinates of the body surface are
given in table I and orifice locetione are given in teble II. All dimensions are in inches.
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(a) Complete model.,
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{b) Detail of nose shbowing body-airspeed-boom Juncture and orifices 1 to 4.

Figure 2.- Continued. [\_3,
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(a) Orifices 1 to 6.

Figure 4.- The variation with Mach number of the pressure coefficient P .
for each orifice and comperison with theoretical variatlions computed
by the method of reference 5 at subsonic speeds and reference 1 at
supersonic speeds.
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(c) Orifices 12 to 15.

Figure 4.~ Continued.
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Figure T.- Comparlson with previous results of the measured variastion
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